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Outline

• REFIMEVE international connexions 

• Cross-border connection to Italy and LIFT T&F network

• Clock comparisons with a fiber network

• Towards SI-second redefinition

• Search for dark matter and transient of fine structure constant 

• Chronometric geodesy
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Scientific context 

P. Delva et al. 
PRL 118 22 (2017)

Special relativity

4

velocity with the PTB clock velocity, and i = {Sr2}) re-
sults in a significant bias for the parameter ↵, five times
larger than the 1� uncertainty on ↵. Indeed, the power
spectral density distribution of the raw data shows a sig-
nificant peak at a frequency of 1 day�1, which is around
the frequency of the LI violating signal. Although this
signal could be interpreted as a violation of LI, a de-
tailed analysis shows that this e↵ect is probably due to
temperature variations in the SYRTE clock laboratory.
We analyzed two independent local clock comparisons:
Sr against Yb+ at PTB, and Sr against Hg at SYRTE,
which are not a↵ected by a LI violation, and we used a
simple model of the e↵ect of temperature on the relative
frequency di↵erence:

yT�X(t) = ↵T

⇥
TX(t� �t)� T̄X

⇤
, (9)

where TX(t) is a function that interpolates the tempera-
ture at time t at some location X, T̄X is the mean of the
temperature function TX(t � �t) evaluated for the com-
parison data times, ↵T is a temperature coe�cient and
�t a lag, both to be determined in the fitting procedure.
A significant variation was found at 1 day�1 frequency
in the local SYRTE comparison, while the comparison
at PTB did not show any significant variation at this
frequency.

Therefore, in addition to the LI violation, we included
the e↵ect of temperature in the SYRTE clock room, lead-
ing to the following model:

yPTB-SYRTE(t) = ȳ

Sr2
PTB-SYRTE + yT�SYRTE(t)

+ 2↵c�2
~w · [~vSYRTE(t)� ~vPTB(t)] , (10)

where ȳ

Sr2
PTB-SYRTE allows for a fractional frequency o↵-

set, yT�SYRTE is the temperature e↵ect model given in
Eq. (9) and ↵ is the LI violating parameter. The rela-
tive frequency di↵erence yPTB-SYRTE between the PTB
Sr clock and the LNE-SYRTE Sr clock is corrected from
the term �cl. As for the model in Eq. (7), here the LI vi-
olating term is similar to a sinusoid with a period of one
sidereal day, an amplitude Q0 = 3.54⇥ 10�10 for ↵ = 1,
and t0 = 57177.421 (MJD). As this is a non-linear model,
we use the MCMC method with 105 points for the fit-
ting procedure. Note that Q0 for the PTB–SYRTE link
is more than twice the value for the NPL–SYRTE link
such that it is more sensitive to a violation of LI.

The detailed result of this analysis is given in table I –
line D. It shows a significant e↵ect of the temperature on
the frequency comparison of the order of 10�16 K�1, with
a lag of around 4.8 hours. Correlations and distributions
of parameters can be seen in figure 3. The lag �t

SYRTE is
not well constrained and its distribution is non-Gaussian.
However, this does not a↵ect the Gaussianity of the other
parameters. The correlations between the parameter ↵

and the parameters ȳ

Sr2
PTB-SYRTE, �t

SYRTE and ↵

SYRTE
T

are respectively �0.48, 0.44 and 0.30. These correlations
slightly degrade the uncertainty on the determination of
↵. The bias of the parameter |↵| is below the parameter

FIG. 3. Correlations and histograms of the parameters of
fit D of table I, corresponding to the fit of the PTB-SYRTE
comparison data, using a�ne invariant Markov Chain Monte
Carlo ensemble sampler (MCMC) method with 105 points.

uncertainty:

↵D = (�0.38± 1.06)⇥ 10�8 (11)

It is interesting to note that the bias found for the pa-
rameter ↵ is �0.93 ⇥ 10�8 if tides are not taken into
account.
In order to check further if the choice of this temper-

ature is significant, we repeated the same analysis with
several other temperature series: (i) the SYRTE exterior
(ii) the PTB exterior (iii) the PTB clock room (iv) the
PTB clock laser room (v) the PTB comb room and fi-
nally (vi) a simulated sinusoid with a 1 day period. For
each temperature model we fit an amplitude and a lag,
as in equation (9). None of them are able to explain the
residual signal, leading for the series (i-v) to biases in the
parameter ↵ ranging from 2� up to 5.5�, and for (vi) to
a complete degeneracy of all parameters with no unique
solution, which shows that the residual e↵ect cannot be
well represented by a simple sinusoidal model, as param-
eters are completely degenerated with parameters from
the LI violating model.
The e↵ect of temperature on the PTB-SYRTE compar-

ison data is not yet fully understood. Further compar-
isons will help improve our understanding of this, thereby
allowing reduction of the bias and hence the uncertainty
on the determination of the parameter ↵. The existence
of the temperature e↵ect is however evident by the fact
that it can be seen both on the distant PTB-SYRTE and
the local SYRTE clock comparisons. A detailed analy-
sis of the NPL-SYRTE comparisons did not show any

Testing LLI

Temporal variations of α

Dark matter
A. Hees and al. 

PRL 117 (21)
 210802 (2016)
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matter [18] (see also [62]). A detailed evaluation of all
systematic e↵ects that could a↵ect the measured transi-
tion frequencies can be found in [58–60]. A discussion
specific to our search is presented in the supplemental
material, the conclusion being that our results are lim-
ited predominantly by statistics rather than systematic
e↵ects.
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FIG. 2. Top: Normalized power spectrum (blue) obtained
from the best-fit (see Eq. (10)) with the corresponding 5%
detection threshold (see text). The red line corresponds to
the maximum allowed signal at 95% confidence.
Bottom: Non-normalized amplitude spectrum A (blue) and
corresponding maximum allowed signal at 95% confidence
(red).

Using Eq. (8), we can now transform our amplitude
spectrum into limits on d

e

+ k
q

/k
↵

(d
m̂

� d
g

) = d
e

+
0.043(d

m̂

�d
g

). Fig. 3 shows our estimation and 95% CL
upper bound on this combination as a function of the
scalar field mass m

'

= ~!/c2. We can exclude couplings
larger than 5.3 ⇥10�4 at any m

'

within our range, with
our most stringent limit being as low as 3.8 ⇥10�9 at
m

'

= 1.4⇥ 10�23 eV/c2. Our limits are complementary
to those of [2] and also to those coming from tests of the
weak equivalence principle [40] as they probe di↵erent
combinations of the coupling constants d

i

. If we assume
that the scalar field is coupled only to electromagnetism
(only d

e

6= 0) then our limits improve those of [2] by more
than an order of magnitude, and are far more stringent
than those fromWEP tests in the range ofm

'

considered
here (which are of order of 10�3 [63]).

In conclusion, massive scalar fields are a possible candi-
date for dark matter, and can be searched for by search-
ing for a harmonic oscillation of fundamental constants,
which in turn leads to an oscillation of frequency ratios of
atomic transitions. In this letter, we have presented such
a search, using over six years of precision measurements
of the 87Rb/133Cs ground state hyperfine frequency ra-
tio at LNE-SYRTE. We see no evidence for an oscillat-
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FIG. 3. Estimated values of the linear combination de +
kq/k↵(dm̂�dg) = de+0.043(dm̂�dg) of coupling constants di
between a massive scalar field and standard matter fields as a
function of scalar field mass. The best fit values are shown in
blue, with the 95% confidence upper bounds in red. The pur-
ple dashed line represents the 95% confidence upper bound
obtained with Dy atoms in [2], which is only sensitive to de.

ing massive scalar field, but set upper limits on a linear
combination of coupling constants between such a field
and standard matter. Our results are complementary to
previous measurements which constrain other parameter
combinations, and improve previous results by over an or-
der of magnitude when allowing only coupling to electro-
magnetism. The rapid progress of atomic clocks over the
last years will allow similar searches with other types of
transitions. That will further limit the parameter space
for massive scalar fields as dark matter candidates and
their coupling to standard matter.

⇤ ahees@astro.ucla.edu
† jocelyne.guena@obspm.fr
‡ michel.abgrall@obspm.fr
§ sebastien.bize@obspm.fr
¶ peter.wolf@obspm.fr
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R. Le Targat, A. Brusch, P. Lemonde, M. Takamoto,
F.-L. Hong, H. Katori, and V. V. Flambaum, Physi-
cal Review Letters 100, 140801 (2008), arXiv:0801.1874
[physics.atom-ph].
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International connections of Refimeve
• France-Germany:

• Interconnection Strasbourg-Kehl

• 3 km. Dark fiber pair, leased by SYRTE via RENATER since 2015.

• Equipment on site +IP service  hosted by RENATER / DSI University of Strasbourg

• France-United Kingdom:

• Interconnection at LPL. Equipment hosted by LPL 

• 760 km NPL-LPL fiber links, leased by NPL since 2017. Started as EU project of GéANT 
(GN3+)

• Home-made in band supervision channel SYRTE/NPL + IP through GéANT

• NEW! France-Italy

• Interconnection at Laboratoire Souterrain de Modane (LSM/IN2P3/CNRS)

• 140 km Grenoble-Modane dark channel on Amplifia network (Regional network from 
Région Rhone-Alpes-Auvergne)

• 7 km dark channel on CNRS network (IN2P3) + IP service CNRS/Amplivia/RENATER

• 155 km Modane-Torino, dark channels, on TOP-IX network (Piemont region)

• IRU for 13 years by UGA. OPEX and CAPEX supported by SYRTE.



Grenoble-Modane: a long story…
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Interconnection with ITALY

Feb. 2020

Grenoble Modane Frejus Torino
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Multi-domain optical links
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OFTEN/ROCIT : a large collaboration

• More than 50 people involved : 3x (clock(s) + comb + link)

• Coordination of effort mandatory

• Scheduling from 3 months to 2 weeks 

• Best effort basis
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@	LPL:	O.	Lopez,	A.	Amy-Klein,	

@RENATER:	N.	Quin;n	

@SYRTE:	M.	Tonnes,	E.	Can;n,	D.	Xu,	P.	Tuckey,	F.	Meynadier;	R.	Le	Targat,	
H.	Alvarez-Mar;nez,	J.	Lodewyck,	S.	Bilicki,	E.	Bookjans,	C.	Guo,	J.	Calvert,	
L.	de	Sarlo,	C.	Barentsen,	M.	Andia,	Y.	Foucault,	B.	Alves,	W.	Moreno,	P.	

Delva,	M.	Abgrall,	L.	Lorini,	J.	Guéna,	S.	Bize,	(…)	

@PTB	:	S.	Koke,	T.	Waterholter,	A.	Kuhl,	G.	Grosche,	H.	Schnatz;	Ch.	Lisdat,	
R.	Lange,	H.	Shao,		M.	Abdel-Hafiz,	S.	Doerscher,	T.	Legero,	S.	Haefner,	R.	
Schwarz,	U.	Sterr,	E.	Benkler,	N.	Hunterman,	S.	Weyers,	B.	Lipphardt,	E.	

Peik,	(…)	

@NPL	:	R.	Ilieva,	J.	Kronjaeger;	I.	Hill,	R.	Hobson,	M.	Schioppo,	A.	Silva,	C.	
W.	Bowden,	J.	Paterson,	A.	Vianello,	G.	Marra,	R.	Godun,	H.	Margolis,	(…)	

@INRIM	:	M.	Pizzocaro,	A.	Mura,	C.	Cliva;,	D.	Calonico,	(…)	

@UMK	:	S.	Bilicki,	M.	Zawada,	(…)

OFTEN/ROCIT : a large collaboration
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Comb Comb
F1

Sr, Hg, Cs, 
Rb

Sr, Yb+, 
Cs

Counting the RF 
of the beat 
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with the fs 
combs

19
4,4

 THz

Paris Strasbourg Braunschweig
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GPS 
time UTC(PTB)

Optical methodology
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F4_1Measure
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the beat notes with 
local oscillator 
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fiber link &/or GPS

769 km
194 dB loss

43 km
16 dB loss

720 km
205 dB loss

710 km
178 dB loss

Link #1Link #2

C. Lisdat et al., Nature Comm. (2016), 12443 (2016)
J. Guéna et al., Metrologia 54, 3 (2017)
P. Delva et al., Phys. Rev. Lett. 118, 221102 (2017)
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NIR lasers Beat @ Strasbourg

Optical frequency difference: remote 
measurement
A look to the raw signal:

Drift rate < 2 mHz/s
Time tags counters 
disciplined on NTP

Counters synchronized 
with GPS

10 MHz ultra-stable LO 
GPS-disciplined 



Clock comparison formalism
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FIG. 4. Example architecture for a clock comparison network. The comparators are represented by lines connecting the
oscillators (nodes). The ultra-stable optical oscillators (yellow nodes) are inaccurate (except CLB), while all the other oscillators
are accurate, i.e the RFRs between all these oscillators are bounded by e.g. ⇠ 10�13. The accuracy of the RF local oscillators
located at the remote nodes R, S, and T is ensured by referencing them to a GPS signal. The comparator output is shown
on top of each comparator line. Some comparators are tripartite, involving two optical oscillators and an RF local oscillator,
gathered by a transparent magenta area, and labeled with the generic notation �i!j . The other oscillators are bipartite; their
outputs are labeled with the corresponding RFR ⇢̃j,i or relative systematic correction ⇠k. The optical oscillators are physically
transported between laboratories and nodes by phase-stabilised optical fiber links.

oscillator RF
C

, and the comparison between the clock
laser CL

B

and the optical oscillator OO
B

for which the
comparator is chosen tripartite, referenced to RF

B

.

The optical oscillators are transported by phase-
stabilized optical fiber link (orange lines), and are con-

nected at three nodes R, S, and T . The frequency dif-
ference between OO

A

and OO
B

is small enough to be
counted with a frequency counter at node R, whose out-
put is noted �f̂

R

. The oscillators OO
B

and OO
C

are
operated on di↵erent telecom channels, and bridged by a

Lodewyck J. et al., Phys. Rev. Research 2, 043269 (2020).
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FIG. 1. Typical branch of the elementary network connecting European metrology institutes. The measurement chain consists of the two
remote clocks at the end points A and C, with frequency ν0 and ν5, respectively. Each clock frequency is compared to the frequency (ν1 and
ν4, respectively) of a cavity stabilized ultrastable laser source, via an optical frequency comb. These laser sources, typically operating around
194.4 THz, near the minimum of fiber attenuation, are transmitted by phase-stabilized optical fiber links to a remote site B, for example a data
center, where they arrive with frequencies ν2 and ν3, respectively. The phase-stabilising mechanism typically induces fixed additive frequency
shifts ν2 − ν1 and ν3 − ν4, which are derived from RF references local to the endpoints A and C (here labeled νx1 and νx4 ). At the remote
site B, the frequency difference " f = ν3 − ν2 is measured with respect to a local RF reference, whose frequency νx2 is steered by a GPS
receiver. In this network we represent the link lasers by red nodes because their frequencies cannot usually be accurately anticipated, either
because they are referenced to arbitrary and fluctuating artifacts (ultrastable cavities), or because they are arbitrarily shifted over the span of
the network. In contrast, the clocks and RF references are represented in green to reflect their link to accurate references. This notion will be
rigorously defined and exploited in the framework proposed in this paper. The frequency ratio between the compared clocks (here ν5/ν0) is
derived by combining the successive intermediate measurements along the network branch. In a full network, several of these branches must
be considered: for instance, in a network comprising 10 clocks, as many as 45 branches must be calculated.

the frequency ratios between any pair of clocks or oscillators
in the network can be calculated using equations that take into
account the topology of the network, but are independent of
the details of the implementation. Thus, such a well defined
protocol facilitates the data evaluation and helps reducing and
correcting mistakes.

The paper is organized as follows: Secs. II and III intro-
duce the concepts and notations used in this paper, and relate
them to the actual physical implementation of the network
components. In Sec. IV we derive the fundamental equations
used to compute frequency ratios between the oscillators in
the clock network. In Secs. V and VI we cast these equations
in a configuration focused on the oscillators composing the
network, or using a terminology based on transfer beats, re-
spectively. Finally, Sec. VII discusses the approximation error
introduced by the formalism. A series of Appendixes proposes
additional interpretations of the formalism. In Appendix F we
illustrate the equations derived in this paper by applying them
to a fictitious network.

II. NETWORK ARCHITECTURES

The generic network model underlying the formalism is
depicted in Fig. 2. It is an abstract generalization of the net-
work represented in Fig. 1, composed of oscillators having
a frequency νi, connected by comparators. Oscillators can
be clocks or dedicated oscillators such as cavity-stabilized
lasers, or may simply represent the frequency of the signal
at a specific point of the network. Comparators acquire infor-
mation about the relation of a specific pair of oscillators in the
network based on local measurement outcomes.

Physical implementations of comparators may for ex-
ample consist of frequency combs measuring an optical
frequency ratio, actively stabilized fiber links with a fixed
frequency offset or frequency counters recording a beat fre-
quency. Examples of implementations are discussed in detail
in Sec. III C. Regardless of implementation, the measurement

FIG. 2. Generic network model allowing us to describe the setup
in Fig. 1, along with other types of clocks and links, such as mi-
crowave clocks or links. Round nodes denote microwave or optical
oscillators. These oscillators are linked by comparators. The com-
parator connecting the oscillators i and j yields a numerical outcome
"i→ j . We highlight a specific path through the network (thick lines)
linking oscillator 0 to oscillator n with respective frequencies ν0 and
νn via a series of n independent comparisons with outcomes "0→1

to "n−1→n. These outcomes are then used to compute the frequency
ratio νn/ν0. This computation will rely on the assumption that there
is a set of oscillators, represented in green, whose frequency ratios
are precisely known in advance (typically down to 10−13), with
methods external to the core operation of the network (e.g., through
the realization of a unit, or by GPS disciplining). These oscillators
are said “accurate” because they are the generalization to the generic
network of the accurate references introduced in Fig. 1.

043269-2

Green : clocks and RF references linked to 
accurate references 

Red : link lasers, inaccurate (Near-Infrared 
ultra-stable cavities)

Comparator : Frequency ratios -> reduced 
frequency ratios.

High precision if an a priori approximate 
value for these frequency ratios is available. 


data using only double precision floating 
point. 

requires only single and local quantity per 
measurement device within the network. 
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• duration from 3 days to ~1 month 

• 4x10-17 to mid 10-18 statistical uncertainty

• Ensemble of 10 optical clocks connected by 2020:

• 6 Sr @ SYRTE, PTB, NPL, INRIM; UMK to join

• 2 Yb+ @ PTB, NPL 

• 1 Hg @ SYRTE

• 1 Yb @ INRIM (yet to be compared)

• Sr and Yb+ comparisons :

• typ. statistical uncertainty <1x10-17 

• Most cases agreement between clocks down to 1-2 x10-17

• A few disagreement at 1 x 10-16

• repeated 8 times over 5 years

Clock comparisons summary

See also : Dörscher, S. et al. Metrologia (2020) 
doi:10.1088/1681-7575/abc86f.
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SI-second redefinition

On a definition of the SI second with a set of optical clock transitions:

Lodewyck J., Metrologia 56, 055009 (2019).


Two-way satellite and GPS-IPPP, VLBI :

Riedel, F. et al., Metrologia (2020) doi:10.1088/1681-7575/ab6745.

McGrew, W. F. et al., Optica, OPTICA 6, 448–454 (2019).

Pizzocaro, M. et al., Nature Physics 1–5 (2020) doi:10.1038/s41567-020-01038-6.


Local comparisons:

Ohmae, N. et al., Optics Express (2020) doi:10.1364/OE.391602.

Dörscher, S. et al. Metrologia (2020) doi:10.1088/1681-7575/abc86f.


Optical free-space:

Bodine, M. I. et al. Phys. Rev. Research 2, 033395 (2020).

Dix-Matthews, B. P. et al. Point-to-Point Stabilised Optical Frequency Transfer with Active Optics. 
arXiv:2007.04985 [physics] (2020).

• Working group and task force set up at BIPM

• More and more frequency ratios reported

• Means of comparisons: needs fiber links on long term

• REFIMEVE gives an important contribution

• Choice of a definition

J Lodewyck 
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the redundancy between the coefficients of the frequency 
ratio matrix2. While equation  (2) is equivalent to the list of 
frequencies of table 1, the uncertainty matrix of equation (3), 
although it is not currently published along with the adjust-
ment of SRS frequencies chosen by the CCTF, contains more 
information than the second column of table 1, because it also 
incorporates the uncertainty of frequency ratios not including 
the Cs clock transitions.

Because it does not directly focus on a single atomic trans-
ition, the matrix representation of the recommendations pub-
lished by the CIPM, given by equations  (2) and (3), can be 
used to construct a new definition of the SI second that can be 
realised not only with a clock based on a specific, arbitrarily 
chosen transition, but rather by any high performance optical 
frequency standard. For this, we just have to reformulate the 
anchor to the Cs stated in the second line of equation (2). This 
is the aim for the next sections.

3. Notations

We note νi the physical frequency of the clock transition i. 
This is a quantity with a physical dimension, and as such, 
it is not experimentally accessible without a prior defini-
tion of the frequency unit. On the other hand, the frequency 
ratios ρij  between these frequencies, as defined by equa-
tion  (1) can be experimentally measured by comparing 
clocks. We note ρm

ij  the outcomes of such measurements. 
They generally do not form a complete frequency ratio 
matrix as pairs of clock trans itions may have never been 
directly compared, nor do they satisfy the transitivity rela-
tion, as they typically deviate from the genuine frequency 
ratios by the uncertainty of the clocks. However, we shall 
assume that they are connected, i.e. there are no subsets 
of the frequency ratio measurements that do not share at 
least one clock trans ition. This requirement is necessary 
in order to be able to compute, from the measurements, a 

most likely frequency ratio matrix that is both complete 
and transitive [8, 9]. We note ρ̄ij  such a frequency ratio 
matrix, of which the matrix ρSRS

ij  is an example.
As stated above, ui is the uncertainty of the clocks based on 

the transition i. To ease the reading, we sometimes call ui the 
uncertainty of transition i.

4. Requirements for a unit

We consider a frequency unit constructed from the frequen-
cies of various atomic clock transitions. Such a frequency unit 
ν  is mathematically defined by a function F of n individual 
frequencies νi:

ν = F(ν1, . . . , νn). (4)

Table 1. Table of the frequencies of the Cs primary and secondary representation of the SI second, adopted at the 2017 CIPM under the 
advise of the CCTF. Reproduced from [7]. © 2018 BIPM & IOP Publishing Ltd. CC BY 3.0.

Frequency/Hz Fractional uncertainty Transition

9192 631 770 Exact 133Cs ground state hfs
6834 682 610.904 3126 6 × 10−16 87Rb ground state hfs
429 228 004 229 873.0 4 × 10−16 87Sr 5s2 1S0–5s5p 3P0

444 779 044 095 486.5 1.5 × 10−15 88Sr+ 5s 2S1/2–4d 2D5/2

518 295 836 590 863.6 5 × 10−16 171Yb 6s2 1S0–6s6p 3P0

642 121 496 772 645.0 6 × 10−16 171Yb+2S1/2–2F7/2

688 358 979 309 308.3 6 × 10−16 171Yb+ 6s 2S1/2–5d 2D3/2

1064 721 609 899 145.3 1.9 × 10−15 199Hg+ 5d106s 2S1/2–5d96s2 2D5/2

1121 015 393 207 857.3 1.9 × 10−15 27Al+ 3s2 1S0–3s3p 3P0

1128 575 290 808 154.4 5 × 10−16 199Hg 6s2 1S0–6s6p 3P0

Figure 1. Measured frequency ratios. Green labels: secondary 
representations of the second (SRS). Blue: other optical transitions; 
black lines: absolute frequency measurements against Cs; red 
lines: optical-to-optical frequency ratios; orange lines: optical-to-
microwave frequency ratios against the Rb SRS. Adapted from [7]. 
© 2018 BIPM & IOP Publishing Ltd. CC BY 3.0.

2 In practice, the uncertainty given by equation (3) may not be met. Exploit-
ing statistical independence in the measurement of frequency ratios can 
lead to a lower uncertainty. On the other hand, if the frequency ratio ρij  was 
not directly measured but deduced from the product ρikρkj , the uncertainty 
may be larger than the uncertainty given by equation (3). Such cases will be 
considered later in this paper.

Metrologia 56 (2019) 055009
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Figure A.1. Fractional instabilities for some clock frequency ratios determined by the Allan deviations. The solid line shows the
1/
√
τ white-noise trend. For averaging times τ larger than ∼ 60 s, the noise is well-modelled as white frequency noise.

Figure A.2. Subset of the clock frequency ratio data (averaged to 60 s) from the European fiber-linked optical clock network.
Each time-series is shifted by a constant offset for clarity.

In general, the test signal ϕ depends on the dark matter coupling strengths and the sensitivity of each
clock in the network (K factors), as well as the topological defect size, speed, and incident direction. Then,
to calculate the odds ratio, one would integrate over all these parameters taking the Bayesian priors into
account, as in reference [38]. In our case, however, we can make a simplification. For the considered
effective sampling period, τ = 60 s, all the clocks in the network can be considered to be co-located (see
discussion in the main text). Therefore, the signal does not depend on the incident direction, and depends
only linearly on the speed and coupling strength. In this case, the odds ratio is maximised simply by
maximising the argument of the exponential in equation (A.2).

We treat the transient duration τ int as a model parameter, and run the analysis separately for each
relevant value. Noting that the dark matter signal is linear in δα0 (the maximum transient variation in α),
we express the test signal as ϕi

j ≡ δα0 si
j. Then, the argument of the exponential in equation (A.2) becomes:

arg = δα0 dHs − 1
2

(δα0)2sHs. (A.5)

For a given set of parameters, this quantity, and thus the odds ratio (A.2), is maximised for the best-fit
value:

δαbf
0 = dHs/sHs. (A.6)

In the absence of a signal, dHs is Gaussian distributed with a mean of zero and a variance equal to sHs, so
the (1σ) uncertainty in the extracted best-fit is ∆α0 = (sHs)−1/2.

The best-fit δα0 (A.6) is then calculated as a function of time (and τ int) over the span of the data. By this
we mean that we calculate the best-fit over a given time window, and then step this window along by the
smallest available increment, τ 0. The windows are assumed to be centred on the (possible) transient
incident time, and extend to cover at least a time period equal to τ int. We tested several values, and found
that exactly how large each window is makes essentially no difference to the results (since the signal
template s goes to zero quickly outside this region). For each τ int, the largest best-fit value found throughout
the entire observation time can be used to place constraints:

|δα0| < |δαbf
0 |max + nCL(sHs)−1/2, (A.7)

where nCL = 1 for 1σ confidence. We consider only time periods when at least two clock pairs (four clocks)
were actively taking data. For a given interaction duration, we only include data streams which have
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clock in the network (K factors), as well as the topological defect size, speed, and incident direction. Then,
to calculate the odds ratio, one would integrate over all these parameters taking the Bayesian priors into
account, as in reference [38]. In our case, however, we can make a simplification. For the considered
effective sampling period, τ = 60 s, all the clocks in the network can be considered to be co-located (see
discussion in the main text). Therefore, the signal does not depend on the incident direction, and depends
only linearly on the speed and coupling strength. In this case, the odds ratio is maximised simply by
maximising the argument of the exponential in equation (A.2).

We treat the transient duration τ int as a model parameter, and run the analysis separately for each
relevant value. Noting that the dark matter signal is linear in δα0 (the maximum transient variation in α),
we express the test signal as ϕi

j ≡ δα0 si
j. Then, the argument of the exponential in equation (A.2) becomes:

arg = δα0 dHs − 1
2

(δα0)2sHs. (A.5)

For a given set of parameters, this quantity, and thus the odds ratio (A.2), is maximised for the best-fit
value:

δαbf
0 = dHs/sHs. (A.6)

In the absence of a signal, dHs is Gaussian distributed with a mean of zero and a variance equal to sHs, so
the (1σ) uncertainty in the extracted best-fit is ∆α0 = (sHs)−1/2.

The best-fit δα0 (A.6) is then calculated as a function of time (and τ int) over the span of the data. By this
we mean that we calculate the best-fit over a given time window, and then step this window along by the
smallest available increment, τ 0. The windows are assumed to be centred on the (possible) transient
incident time, and extend to cover at least a time period equal to τ int. We tested several values, and found
that exactly how large each window is makes essentially no difference to the results (since the signal
template s goes to zero quickly outside this region). For each τ int, the largest best-fit value found throughout
the entire observation time can be used to place constraints:

|δα0| < |δαbf
0 |max + nCL(sHs)−1/2, (A.7)

where nCL = 1 for 1σ confidence. We consider only time periods when at least two clock pairs (four clocks)
were actively taking data. For a given interaction duration, we only include data streams which have
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Figure 3. Excluded region (1σ confidence) for the effective energy scale Λα for topological defect dark matter as a function of
the defect size, d, for time between events T = 0.9 h (left), T = 12 h (middle), and T = 45 h (right). The new results from this
work are shown in blue, and the existing constraints are shown in green (analysis of optical clock/cavity comparisons in Wcisło
et al (2016) [39] and (2018) [40]) and orange (analysis of the GPS atomic clock data [37]). These presented T values correspond
to the maximum applicable for references [39, 40], and this work, respectively. The GPS constraints from reference [37] extend to
T ∼ 105 h (they also apply to a combination of interaction parameters, as explained in the text).

be well separated (τint ≪ T ). This is equivalent to demanding ρinside ≫ ρDM. For example, with d ∼ 104 km,
equation (5) implies that it only makes sense to search for transients with T !0.1 h. We also do not extend
the limits beyond ∼ 107 km (corresponding to τ int ∼ 10h) for the reasons discussed in the previous section.

4. Conclusion

By using data from a European network of fiber-linked optical atomic clocks to search for evidence of
transient frequency variations, we have substantially improved the constraints on transient variations of the
fine structure constant. With the same analysis we also search for evidence of topological defect dark matter.
At the current sensitivity level, no such evidence was found during the analysed time windows. Within the
assumptions of our model, we have therefore placed constraints on the possible interactions of such defects
with standard model particles, improving upon existing constraints by many orders of magnitude.

We note that it may also be possible to substantially improve the constraints in the region where the
event rate is high, T ≪ Tobs, even if the signal magnitude is well below the noise, by exploiting statistical
signatures [49]. For example, in the absence of transients, the distribution of extracted best-fit δα0 values
would be expected to be roughly Gaussian. However, if a large number of transients were present in the
data, non-Gaussianities, such as a skewness, would be expected in the distribution. Further, due to the
orbital motion of Earth around the sun in the galactic frame, a ∼10% annual modulation in this skewness
would also be present if it had a dark matter origin [49]. Also, by extending the analysis to lower effective
sampling periods, we would have sensitivity to direct measurements of the transient speed and incident
direction [38], which could be further used to exclude perturbations that cannot be caused by dark matter,
and thereby improve the sensitivity of the search in that region. These avenues will become particularly
important as more data and newer experimental techniques become available [42, 50–54].
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• Tests performed earlier with GPS and satellites

• Improved by fiber network

• Test of transient of fine structure constant

• Topological defect dark matter:

June 2017

see	also	:	
Wcisło,	P.	et	al.,	Nature	Astronomy	1,	1–6	(2016).	
Hees,	A.	et	al.,	Phys.	Rev.	D	98,	064051	(2018).	
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Chronometric Geodesy What is chronometric geodesy?

Basic principle of chronometric geodesy

The flow of time, or the rate of a clock when compared to coordinate
time, depends on the velocity of the clock and on the space-time metric
(which depends on the mass/energy distribution).

In the weak-field approximation:
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P. DELVA (SYRTE/OBSPM/SU) École de Phys. des Houches 40 / 89

Chronometric levelling

Gravitational shift ~10-16 /m

• Clock	rate,	when	compared	to	coordinate	;me,	depends	on	the	velocity	of	the	clock	and	
on	the	space-;me	metric	(which	depends	on	the	mass/energy	distribu;on).		

• Accuracy	of	op;cal	clocks	starts	to	be	compe;;ve	with	classical	methods:		up	to	a	few	
cen;meters	for	the	sta;c	poten;al	at	high	spa;al	resolu;on	

• Possibili;es	for	technical	realiza;on	of	a	system	for	measuring	poten;al	differences	over	
intercon;nental	distances	using	clock	comparisons	

Vermeer,	M.	(1983).	Chronometric	Levelling.	Finnish	Geode;c	Ins;tute,	Helsinki.		
Bjerhammar,	A.	(1985).	Bull.	Geodesique	59.3,	pp.	207–220.	doi:	10.1007/BF02520327.		

Illustration: Courtesy G. Lion, P. Delva
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Chronometric geodesy with REFIMEVE

See also: Oelker, E. et al. Nature Photonics 13, 714–719 (2019).


• Classical methods to measure the gravitational potential of the Earth :

• Satellites data or on classical levelling combined with gravimetric data

• Performance limited in montaneous or coastal areas, 

• Suffers from long distances biases

• An atomic clock measures directly the gravitational potential (gravitational time dilation 
predicted by Einstein): there is no classical equivalent to this quantum sensor!

Chronometric Geodesy What is chronometric geodesy?

Chronometric observables in geodesy

Chronometric observables are a completely new type of observable in
geodesy: gravity potential di↵erences are directly observed

Accuracy of optical clocks starts to be competitive with classical
methods which have accuracies up to a few centimeters for the static
potential at high spatial resolution

P. DELVA (SYRTE/OBSPM/SU) École de Phys. des Houches 41 / 89

• ANR ROYMAGE, PI R. Le Targat 

• Mobile Ytterbium Optical Clock 
Applied to Geodesic Exploration

• Goal: exploit the most relevant of the 
~60 outputs of REFIMEVE in France 
to remotely compare the clock to 
the ~12 existing European optical 
clocks

Courtesy G. Lion
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Outlook
• REFIMEVE: 3 international connexions to Germany, UK and Italy

• Clock comparisons over 5 years

• Show good agreement between clocks but… not always

• Clock network is useful to improve clocks

• Test of special relativity

• A clock network impacts:

• SI-second redefinition

• Search for dark matter and transient of fine structure constant 

• Chronometric geodesy

• Future (T-REFIMEVE ?) for clock comparisons:

• More international connexion: Torun in Poland, (…)

• Chronometric geodesy, VLBI and reference frames

• Time transfer, optical time scale comparisons
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